The aim of the research was to determine a correlation between the basic physicochemical quality parameters of musts from selected stone (plums, cherries) and pome (apples, pears) fruits and their electrical parameters-conductivity and capacitance ones. The results of the measurements and their statistical analysis showed strong correlations (p ≤ 0.01) between the Z (impedance) and Y (admittance) values measured at the frequency of 100 Hz and acidity values of pome and stone fruits as well as between their Z and pH values (p ≤ 0.05). High correlation coefficients (from − 0.765 to − 0.874) were also obtained between the Z and Y values and density and ash content as well as between Y and pH values (− 0.870) of the analyzed musts. They also showed strong correlations (p ≤ 0.01) between the C s (series equivalent capacitance) and C p (parallel equivalent capacitance) values measured at f = 100 Hz and pectin content and acidity as well as between C p values measured at f = 100 kHz and f = 100 Hz (p ≤ 0.05) and contents of dry matter and ash, viscosity, and pH values of the studied musts. It was found that the results indicate the possibility of describing these correlations with mathematical equations, which in the future may form grounds for the development of a novel, rapid, and simple method for quality assessment of naturally cloudy juices, as an alternative to the standard methods.
Introduction
An increase in consumer awareness concerning the role of food constituents in body functions makes that they perceive fruit juices and beverages as essential products of their diet. These products owe this special role to their biologically-active compounds. From the nutritional perspective, naturally cloudy juices-purees and musts, represent significantly richer sources of bioactive compounds compared to the clear juices due to particles of fruit pulp they contain [1, 2] . Significant complexity and time-consumption of methods used to evaluate technological parameters of food products as well as the need for automation of production processes have contributed to a growing interest of scientists in novel methods whose food quality prediction precision would be close to the precision of methods used for direct quality measurement. In addition, predictions derived from those methods would be correlated with changes in the chemical composition (water, high-and low-molecular compounds) and structure of food products during their production process as well as with changes in the degree of electrolyte dissociation in the examined biological material [3] [4] [5] . Hence investigations on the use of electrical properties, including: conductivity properties typical of such food products as: milk, fruit juices, and alcohols [6] [7] [8] and dielectrical properties typical of such food items as: butter, vegetable oils, animal fats, cheeses, etc., have been inscribing into these research interests.
Today's advance in the direct and indirect methods for impedance measurement focuses on the quantitation and identification of certain groups of bacteria in milk and dairy products, meat, fish, frozen vegetables, cereal products, confectionery products, and also yeast in fruit juices and wine [9] [10] [11] . Advisability of these measures is confirmed by a positive correlation demonstrated by Fernández et al. [12] between the traditional microbiological method and the indirect impedance method. In addition, a strong correlation shown between results of mechanical assays and electrical parameters of fruits (nectarines, kiwi, apples) and vegetables (tomatoes) has proved the usability of plant tissues impedance measurements as indicators of their freshness, ripeness, and their mechanical and storage damages [13] [14] [15] [16] [17] . Impedance measurements may also prove well in the assessment of moisture content during the heating and drying of potato tubers and carrot roots, and in the detection of artificial chemical additives in liquid food products [18] [19] [20] . The results of our own studies showed that measurements of electrical parameters (impedance, resistance, admittance, and conductance) may be applied to assess apple puree concentrations in pulpy juices and beverages [2, 21] , to determine contents of Total Soluble Solids (TSS) in reconstituted apple juices [22] , and to determine contents of mineral substances, ash, and dry matter in apple juice [8] .
Considering the above, a study was undertaken with the aim to determine a correlation between the basic physicochemical quality parameters of musts from selected stone and pome fruits and their electrical parameters-conductivity and capacitance ones.
Materials and methods
The experimental material included fruit musts from fresh apples and pears, and from frozen cherries and plums from orchard cultivations in Poland. Apples and pears without cores were cut into pieces by means of the Fenomen 880.0 food-processor (Zelmer, Poland), equipped with a rotary knife, next smashed in the MZ-80/R mechanical and colloidal grinder (Fryma, Germany) and pressed through the WP 30 HPM hydraulic press, model 30t DL (Dema, Germany) with the pressure of 75 kG/cm 2 . To separate residues from solid particles, the musts were centrifuged in the GS-6R centrifuge (Beckman, Germany) for 10 min at 1200 rpm. Defrosted plums and cherries had their stones removed, and were pre-pressed in the above-mentioned food-processor (Zelmer, Poland). The further process of must preparation from plums and cherries was analogous to that conducted for apples and pears. The experimental material (ca. 0.7L) was transferred to containers and stored in the frozen state (ca. − 25 °C) until analyzed (ca. 2 weeks).
Physicochemical analyses
Physicochemical parameters of fruit musts were analyzed accordingly to the Polish Standard (PN-90/A-7510). These analyses included the following determinations and measurements:
-total soluble solids content and refractometric index, with the refractometric method [23] , -organic acid content, with the titration method [24] , -density, with the pycnometric method [25] , -active acidity, using a Piccolo pH-meter by HANNA [26] , -dry matter content, with the drying method [27] , -mineral content (ash), with the incineration method [28] , -pectin content -25 cm 3 were collected from a mixed and homogenized sample of musts to a beaker, then 50 cm 3 of acetone were added, and the mixture was left for ca. 1 h for precipitation. The resultant precipitate was filtered through the earlier dried and weighed filter (M 1 ). Afterwards, the filter together with the precipitate was dried at 95 °C for 30 min and weighed again (M 2 ). The result was obtained from mass difference (M 2 -M 1 ) and then by expressing this difference per 100 cm 3 [29] . -viscosity, with the rotary rheometer Rheotest-2 (Rheotest Medingen, Germany), according to the procedure give in its operating instructions. The measurements were conducted using the S2 cylinder at the sample temperature of 20 ± 1 °C and the shear rate of 100 s −1 . 
Measurements of electrical parameters
Before measurements, the samples were kept in the climatic chamber (Memmert, USA) at air temperature of 20 ± 0.1 °C for 24 h. Once the desired temperature has been achieved in the samples, 200 cm 3 of the sample was poured into an ownconstruction glass container (75 × 55 × 94 mm) equipped in two plate electrodes made of stainless steel which were attached to the two opposite smaller walls of the container. Afterwards, the container was placed in a thermostat system (an own-construction container with a water jacket + thermostat, by (PolyScience, USA) to which a measuring attachment was coupled (the attachment was part of an HP 4263B meter by Agilent, USA). The RCC food model, adopted in our previous investigations [2, 21] , was then used to measure: impedance (Z), admittance (Y), parallel equivalent capacitance (C p ), and series equivalent capacitance (C s ), at the voltage of 200 mV and frequencies ranging from 100 Hz to 100 kHz. The measurements were carried out in 5 replications for each sample.
Statistical analysis
The statistical analysis of obtained data was performed using Statistica 12 (StatSoft Inc.) software. The results of analyzes were presented as means ± standard deviations. The analysis of variance Duncan's Multiple Comparison Test were
reported on the following levels of significance p ≤ 0.05 and p ≤ 0.01. Correlation were calculated to determine the relation between selected physicochemical distinguishing features of quality of: apples, pears, plums and cherries musts, and their conductivity and capacity electrical parameters, made in the frequency 100 Hz and 100 kHz. The results of statistical analyzes were presented as correlation coefficient (r) and level of significance calculated (p).
Results and discussion
Results of determinations and measurements of the major physicochemical quality parameters of musts from the selected pome and stone fruits demonstrated the plum must to be characterized by the highest contents of: dry matter (12.62 g/100 g), TSS (13.3 g/100 g), and ash (0.92 g/100 g). Also its density was the highest among all analyzed musts and reached 1.055 g/cm 3 . In contrast, this must had the lowest viscosity, accounting for 0.054 Pascal. The lowest contents of dry matter (7.68 g/100 g) and TSS (11.1 g/100 g) as well as the lowest values of density (1.040 g/cm 3 ) and acidity (0.268 g/100 g) were determined for the pear must. This must was, additionally, characterized by the highest pH and viscosity values which reached 4.28 and 0.207 Pascal, respectively. The musts from cherries had the highest acidity value (1.474 g/100 g) and the lowest pH value (3.16) and pectin content (0.79 g/100 g). In turn, apple musts were characterized by the highest pectin content (2.57 g/100 g) and by the lowest ash content (0.08 g/100 g). Results of the other physicochemical determinations and measurements of musts from pome and stone fruits fitted within the abovepresented ranges of values. The statistical analysis of the results of measurements and determinations demonstrated significant (p ≤ 0.01; p ≤ 0.05) differences between values of all physicochemical parameters of the pome fruits: applespears, and of the stone fruits: plums-cherries. Significant (p ≤ 0.01; p ≤ 0.05) differences were also shown between values of all physicochemical parameters of the majority of pome and stone fruits, regardless of fruit type, i.e. in total ( Table 1) .
Results of conductivity measurements of electrical parameters (Z, Y) of the analyzed musts demonstrated their values to differ significantly depending on fruit type, and to differ inconsiderably depending on the frequency of the measuring voltage. The highest values of impedance (Z) and simultaneously the lowest values of admittance (Y) at the frequency of 100 Hz (ca. 182 Ω and ca. 5.5 mS) were demonstrated for the must from pears, whereas the lowest Z values (ca. 113 Ω) and the highest Y values (ca. 8.9 mS) were found for the cherry must. These results indicate that cherry musts were characterized by the best electrical conductivity among all studied musts from both pome and stone fruits.
Differences between Z values measured at the frequency of 100 Hz and these measured at the frequency of 100 kHz reached ca. 2 Ω, whereas respective differences between Y values accounted for ca. 0.12 mS ( Table 2) .
Results of capacitance measurements of electrical parameters of fruit musts demonstrated their values to be largely differentiated depending on both fruit type and frequency of the test voltage. The highest values of the parallel equivalent capacitance (C p ) and the series equivalent capacitance (C s ) were demonstrated for the cherry musts (558.69 nF and 357.72 µF, respectively). In contrast, the lowest C p and C s values, measured at the frequency of 100 Hz (222.82 nF and 312.35 µF, respectively), were found for the musts from pears and apples. An increase in the frequency of the test voltage resulted in a significant decrease in C p and C s values of all studied musts. Significant (p ≤ 0.01) tendencies of changes in C p and C s values of each must in the function of voltage frequency indicate that also frequency should be taken into consideration in future studies on the use of capacitance properties ( Table 2) .
The analysis of results of measurements of the electrical parameters of pome fruits (apples and pears) and stone fruits (cherries and plums) revealed that the impedance (Z) values of musts from the pome fruits were significantly higher from these of the stone fruits. In turn, opposite dependencies were observed for the admittance (Y) values of the analyzed musts. Likewise the Y values, the C p values of the musts from apples and pear were significantly lower from the C p values of the musts from cherries and plums. Respective differences between C s values determined for the musts from stone and pome fruits were significantly smaller ( Table 2) .
The statistical analysis of the results of measurements of the conductivity parameters of the pome and stone fruits values of cherry musts measured at the frequencies of 10 and 100 kHz. In contrast, no significant differences were found between the Z and Y values of the musts from pome and stone fruits measured in a frequency range from 1 to 100 kHz (Table 3) . Results of statistical calculations made for capacitance parameters of pome and stone fruits in the function of measuring voltage frequency demonstrated significant (p ≤ 0.01) differences between the C p and C s values of the musts from pome and stone fruits measured in a frequency range from 100 Hz to 100 kHz ( Table 3) (Table 4. ).
Results of statistical calculations made for the capacitance parameters also demonstrated strong correlations (p ≤ 0.01) between the C s and C p values measured at f = 100 Hz and pectin content and acidity as well as between C p values measured at f = 100 kHz and f = 100 Hz (p ≤ 0.05) and contents of dry matter and ash, viscosity, and pH values of the studied musts. High correlation coefficients (0.654-0.802) were also obtained between C p values (f = 100 kHz) and density, pH, acidity, and TSS content as well as between C s values (f = 100 kHz) and acidity and pH values (0.866 and − 0.725), and also between C s values (f = 100 Hz) and TSS content (− 0.758) of the analyzed musts (Table 4) .
A comparative analysis of our results of impedance (Z) measurements conducted for the musts from both pome and stone fruits with results of impedance measurements performed for purees from the same fruits [22] revealed that the Z values of musts were significantly lower than these of purees. In turn, values of admittance-likewise these of C p -of the musts from the analyzed fruits were considerably higher from the respectively values obtained for the purees. This indicates that the pressing process followed by centrifugation process contributed to an improvement in the electrical conductivity and to an increase in the capacitance of the musts obtained from pome and stone fruits. This is due to an increase in the number and motility of small ions, like: K + , Na + , Ca 2+ or Mg 2+ , as a result of removing solid particles which weaken the external electrical field and inhibit the hydrodynamic movement of fast ions, thereby minimizing the possibility of their movement in the electrical field [30, 31] . The significant differences in the values of the electrical parameters (Z, Y, C p C s ) between fruit musts and purees [22] point to the possibility of approaching a new direction in the studies on the use of these parameters in the quality assessment and identification of fruit juices and fruit purees.
Correlations obtained between the basic physicochemical quality attributes of musts from selected pome and stone fruits and their electrical conductance (Z, Y) and capacitance (C s , C p ) justify the choice of the RCC model for investigating their electrical properties. Also the results of studies conducted by Żywica et al. [32] and by Banach et al. [33] with the use of the RCC model, demonstrated correlations between the fat content in raw milk and between the rapeseed oil content in fat blends and their electrical parameters. The RCC model was also used by Mabrook and Petty [34, 35] to determine the chemical composition of milk and the degree of its watering. This means that the use of the electrical RCC model in research enables applying exploiting dielectric properties of such biological systems as: butter or fat blends, as well as conductance properties of milk or fruit musts for the quality assessment and prediction. Literature data indicates that physicochemical properties of food products are also studied with the RRC model in whichcompared to the RCC model-the parallel electrical capacitance (C p ) is replaced by parallel resistance (R p ). For this reason, the RRC model reflects the morphology and chemical composition of muscle tissue and is used to determine correlations between electrical parameters (mainly related to the conductance) ones of meat and meat products and their quality attributes [36, 37] . between the capacitance parameters and physicochemical quality parameters of the musts from stone and pome fruits point to the possibility of describing these correlations with mathematical equations, which in the future may form grounds for the development of a novel, rapid, and simple method for quality assessment of naturally cloudy juices, as an alternative to the standard (reference) methods.
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